In the procedures for microwave power calibration, which are well documented, the subject of mismatch errors (or corrections) plays a major role. In particular, the evaluation of mismatch corrections requires the measurement of complex r eflection coefficients; and the accuracy of this measurement is limited , in part, by connector imperfections.
Introduction
The use of a caEbration heirarchy, as mean s of disseminatin g measurements referenced to th e primary stan dard s at NBS, is a long established prac tice. Unfortunately, it is a gener al and apparently unavoidab le feature of ca libration heirarchies that the measuremen t accuracy is degraded at every step between the primary reference lab oratory (NBS) and the field working level.
In the case of microwave power, the calibrated items are usually bolometer mounts or directional coupler-bolom eter mount combinations. Here the practica l problems, in comparing one mount against another for example, a r e substantial, a nd the relative loss in accuracy at each step is much larger than occurs in other parameters such as mass or d-c voltage. Indeed, although reliable data are not available, the probable loss in accuracy appears to be such th at serious questions h ave been raised abo ut the usefulness of the calibration heirarchy (for this parameter) other than that of satisfying the contractual requirement for measurement "traceability."
Much of this difficulty centers around the problem of "mismatch" correction s. Unti l recently, there has been no simp le and direct m ethod of measuring and applying this correction. The approach has sometimes been a hybrid one of adjusting for a generator match, then measuring the other parameters. More often, particula rl y at the lower levels, thi s co rrection is ignored and thus becomes an error whose magnitud e depends upon the attendant impedance parameters, and whose total value may be subtantial if permitted to accumul ate thro ughout th e hierarchy.
It is the purpose of thi s paper to review this problem from the viewpoint of the r ecentl y developed "power equation" technology 11 11 and present a simplified , yet more accurate, m ethod of measurin g th e mismatch factor.
General Description
The m easurem ent prob le m is co nveniently visualized with the help of figure 1. The meas ure ment cycle usually begins with a "standard " pow er m eter which may be either in the form of a ca lorimeter r21, or of the bolometric type, where the bolome ter mount properties have been evaluated by microcalorimetri c r31 or impedance r 4 J methods. The standard power meter is u sed to cali brate a signal generator, this, in tu rn, is used to calibrate another power meter. This item is then sent to another calibration laboratory where it becomes the r eference standard and the process is r epea ted .
With regard to the signal generator calib ration, it may be noted that microwave generators do not ordinarily possess sufficient stability to warrant thei r calibration as such. The signal generator calibra ti on , which is obtained in the calibration transfe r from one power meter to another, may thus be of interest on ly during the measurement procedure and not even explicitly ex tracted from the *Prcse nt ed at th e 1970 Fall Mee tin g of U HS I, S e pt e mb e r 15-17. Ohio S tale Unive rsit y, COlll ll1hll 8. Ohin. 4.12 10.
"Standard" measurement data. There is no loss in generality, however, in describing the procedure in this fram~work ..
Alternatively, the signal source may be provIded wIth an output monitor-in the form of a directional coupler and side-arm power meter, for example. Here the "generato.r calibration" is in reality a calibration of this output mOnItor, and is usually of future interest. This, in fact: is t~e recommended mode of operation and will be explamed m greater detail in what follows.
Returning to figure 1 , it is tempting, and in many cases correct, to interpret the column of power meters as the "working" or "interlaboratory" standards for the several echelons in the calibration hierarchy. It is also noted, however, that the number of calibration steps is reduced by approximately one-half when the calibrated signal generator is adopted as the working standard at the alternate levels. This should also reduce the error accumulation, but at present, there is no universally accepted practice in this matter.
Each step of the "power equation" calibration procedure is described by the equation, Pgm = PgMgm, (1) where P gm is the (net) power absorbed by the meter, P 9 is the available power from the signal generator, and Mgm is a "mismatch" factor which expresses to what extent the conditions for maximum power transfer between generator and termination (power meter) are satisfied. It should be noted that Pg is a property of the generator only, while Mam (and thus Pam) is a property of the signal generator and power meter combination.
In the first step, the "first" generator and standard power meter are mated. Subject to certain efficiency corrections, the standard power meter indicates P gm, and if
Mam is also known, Pg may be obtained from (1).
In the second step, the first generator is connected to the second power meter. Assuming the M gm for this combination of components is measured, Pgm may be determined from (1) since P 9 is a property of the generator only. The calibration of this second meter is now obtained by comparing its reading with the value of Pgm thus obtained.
This process is repeated at each calibration laboratory. It will be immediately recognized that the determination of Mgm plays a major role in this procedure.
Measurement of Mgm
As already noted, the recommended "signal generator" includes an output monitor which is usually a directional coupler with a bolometric detector or power meter on the sidearm as shown in figure 2. It is convenient (but not essential) to postulate feedback such that this sidearm power is constant. It has been shown [5] that the impedance of the "equivalent generator" which obtains at the output port (2) depends only on the coupler parameters and is independent of the actual signal source. The available power, at the output port, also depends only on the coupler parameters and is linearly related to the sidearm power level. For these reasons, it is convenient to interpret the measurement of the pertinent coupler parameters as a signal generator calibration. FIGURE 
Signal generator with output "Monitor"
The sidearm detector and power meter to be calibrated are often of the bolometric type. Although the attendant problems are by no means trivial, they are well understood and the associated instrumentation is highly developed [6] . The major existing problems are associated with the measurement of Mgm. Here the power meter mismatch, imperfect coupler directivity, connector imperfectons, etc. enter the picture.
A measurement of Mgm may be effected by the addition of a second coupler, power detector (P3), and tuning transformer as shown in figure 3. With the power meter, for which Mgm is required, connected to port 2, tuner Ty is adjusted such that Pa vanishes. 2 This power meter is next replaced by a moving short. In response to motion of the short, P3 will undergo cyclic variations of which the maximum, P3M, and minimum, P3m, values are observed.
,--------<J-----,
Addition of a second coupler and tuning transformer (T.) to permit the measurement of Mom.
In the following section, it will be shown that M gm IS given by:3
It is to be emphasized that this procedure completely accounts for arbitrary power meter impedance, imperfect coupler directivity and impedance, and for connector imperfections, provided only that the connector dissipation is r epeatable. 4 It is of interest to note that the expression in the parenthesis is also that used to convert VSWR to reflection coefficient. It is thus possible to visualize the procedure in the context of a matched (reflectionless) generator, slotted line, and mismatched load. The slotted line is used to measure the load VSWR, from which the reflection coefficient, r, is obtained. The mismatch factor, M, is then computed from the equation:
M=I-lrI2. (3) 
Analysis
It is the purpose of this section to provide the theoretical b asis for the described procedure.
Beginning with the directional coupler of figure 2, a solution of the scattering equations yields: (4) where C, D ar e fun ctions of the coupler scattering parameters, and the r efl ection coefficient of the power detector terminating arm 4, but not o f the generato r which feeds arm 1.
In gen eral the equation for a so urce is written (5) where by is the "generator wave," and r g the source reo
Comparison of (4) and (5) indicates that: 5
Eq uation (4) may be solved for b4 to obta in b4 = Ca2 + Db2 (8) Referring next to figure 3, b3 is also expressible as a linear combinati on of a2, b2 b3 = Aa2 + Bb2 and taking the ratio of (9) and (8) leads to ba AI'I+B b4 Crl+D (9) (10)
where rl is the reflection coefficient of the termination on port 2, i.e. , 4 I mp eda nce propert i es of th e con nec t o r tire not a cons i deration. For a more complete di sc ussion sec [1] and [7] . 5 The {impli cit} d efiniti on s for C. D ha v e bec n c h osen in suc h a way as to permit a ready compariso n with a numb er o f earlier r esu lt s .
6 It is important t o notc tha t this adjus t me nt o f th e rat io B / A d oes n o t afTect the valu es of C. D sin ce the se are parameters on ly of the coup ler on the right.
7 The s h o rt is a ss umed t o b e Ioss lcss. A th eo ry whi ch a ccounts for this loss has been deve loped ; how ever th e erro r due t o this sou r ce, in this a ppli ca tion, i, n eg li gibl e.
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Equation (10) 
With the sliding short connected to the output port (2), and combining this with (7) and (12) lea ds to:
It is easy to s how that th e first term in the numerator exceeds the seco nd if I r g I < I, I r m I < I ; therefore:
Finall y: l -I mr" l -r mro This las t expression wi ll be recog nized as the conversion factor between the available power and th e net power delivered to the load r m 110 I. It is thu s equal to Mgm .
An Alternative Procedure for Measuring Mgm
For the sake of completeness, the existence of an alternative procedure for measuring Mgm should be noted.
Returnin g to figure 3 , Ty is adjusted such that th e ratio P3/ P4 is constant with respect to the Illotion of a short at arm 2. Then it has been shown 11, 11 J that Mgm is g iven by :
where the subscripts m, s represent the values of P3/P4
with the meter and short connected respectively.
As compared with the previous method, the prescribed adjustment of Ty is more difficult to realize, but once obtained is the same for all terminations (power meters). A more complete description is found in the references (e.g., [1, 7, 9, 11] ); the discussion which follows pertains entirely to th e first procedure. Finally, it is possible to eliminate the tuning operation entirely if the phase difference between b3 and b4 is measured. This, however, is the subj ect of a paper to follow.
Experimental Evaluation
A series of tests have been made of this technique which will now be described. The initial objective was to demonstrate the performance potential in a simulated calibration hierarchy using "ordinary" waveguide hardware. To this end a frequency of 9 GHz and the type "N" connector were chosen.
Referring to figure 1, six power meters and six "signal generators" were prepared. The calibration was propagated through the simulated hierarchy as described, and the last (sixth) item then compared directly against the first. This provided an indication of the error accumulation in the process. (It should be noted that an "absolute" calibration of the first item (standard) was not required. )
The components comprising the "signal generators" (figure 3) were in waveguide with a transition to type "N" at the output port. Although a recently improved version of the type "N" was incorporated in several of the components, a substantial number of the items had been in use for many years. The "equivalent generator" VSWR included values as large as 2.5. Finally, the powers P3, P4 were measured with Type II NBS bridges
The "six level" experiment outlined above was repeated four times and gave error accumulations of 0.33 percent, -0.23 percent, 0.66 percent, and 0.43 percent. The mean of these values is 0.30 percent, while the standard deviation is 0_48 percent.
The design was also such as to permit a comparison of the relative error contributions of the individual components. Within the sensitivity of experiment, there was no deterioration in accuracy with the "older" connectors as compared with the more recent versions, or with the poorly matched generators as compared with those of small VSWR.
AI.though the above analysis has some intuitive appeal, conSIderably more information can be obtained through a more sophisticated analysis based on the method of least squares. Here an estimate of the standard deviation of a single calibration transfer from one meter, through a generator, ~o the next meter is obtained. For the first experiment thIS standard deviation , of a single calibration transfer, is 0.12 percent.
It was next decided to repeat the experiment with a group of " improved" Type N connectors (all of which were of the same model). The repeated experiment gave a standard deviation, for a single transfer, of 0.46 percent: four times the previous result. Examination of the results showed, however , that one of the connectors was contributing a major share of the total error. Fortunately, the experimen t was designed in such a way that the effect of individual connectors could be both recognized and deleted. When this was done, the standard deviation became 0.22 percent.
The experiment was then repeated a third time with a different set of "improved" Type N connectors_ The results were essentially identical to those obtained in the second run: one connector was defective, and when this was eliminated the standard deviation was 0.24 percent.
In the fourth experiment, the GPC-7 connector was substituted for the Type N; this gave a standard deviation of 0.13 percent. Finally, the experiment was repeated a fifth time in waveguide using conventional flange connectors. This gave a standard deviation of 0.054 percent. In the fourth and fifth experiments, three "outlying observations" were discarded, but these were single measurements rather than all measurements associated with one connector as had been eliminated in experiments two and three.
Thus far the discussion has been primarily concerned with the random error; however, the quoted results of the first experiment raise the question of a possible systematic component as well.
Because the same measurement procedures are employed with both "standard" and "unknown," there is no apparent source of systematic error other than possible , instabilities of the several components (bolometer elements, etc. ) with respect to time. A further analysis of the results shows that the postulated absence of systematic error is not rejected with 95 percent confidence. Stated in other words, the "apparent" systematic errors observed in the experiments are easily explained by the random errors observed.
The results of the five experiments are summarized in table 1. Again it is emphasized that this method is in theory, independent of impedance discontinuities in 'the connecto!.. Thus these figures reflect only the nonrepeatabIhty of the power dissipation at the connector interface.
Although the primary emphasis in the experiment was on. dissipation r~peatability, it is possible to infer somethmg about the Impedance repeatability from the repeatability of the mismatch fa ctor (Mgm).
Unfortunately, the design of the experiment was such as to provide only a minimal amount of information on this point, but the results were consistent with expectation_ In particular, the waveguide j oint showed a marked improvement over the GPC-7, and the GPC-7, some improvement over the Type N. Perhaps of greater interest is th e res ult that three of th e T ype N connectors showed a substantially poorer mismatch factor repeatability than was typical of the g roup; in only one case, however, was this accompanied by poorer dissipation repeatability. Although it is not within the scope of this paper to describe th ese experiments in greater detail, it is anticipated that this will b e included in a later paper. In brief, the pertinent conclusions are:
(l) For a single calibration transfer at NBS, standard deviations of 0.12 percent to 0.25 percent were observed in coax, and 0.054 percent in waveguide. Errors much larger than ± 3u were occasionally recorded. It appears that the type of connector is a significant factor, but this awaits confirmation. In retrospect it would have been desirable to have used a random ordering instead of segregating the several connector types into separate sequences. The initial objective, however, was to demonstrate the performance potential of the method, rather than make a comparative evaluation among differ ent connector types.
(2) There is no evid ence that the taking of several power readings and averaging th e results contributed anything to the precision (o ther than as a guard against errors in data taking ) . Presumably, however , the precision would be improved by repeating the experim ent " from scratch." (3) No evidence of systematic error was observed duro ing this experiment, which was of such size and precision that a systemati c error of the order of 0.1 percent should have been detected . (Note, h owever , this paper dea ls only with the ca libration transfer process, and says nothin g about sys temati c errors in the reference stand ard .) (4.) Several of the cOlln ectors suffered fr om a pparent problems in the area of dissipation r epeatability. The source of this difficulty could not be recognized by a simple visual inspection.
Summary
A simplifi ed meth od of di sseminating power calibration has been described. Thi s procedure may be regarded as a detailed ex ample of the power equation concept. The key feature of thi s technique is the "direct" measurement of the mismatch factor (M gm) which eliminates the inter· mediate step of measuring the complex reflection coefficients. The performance potential was demonstrated in a series of experiments at 9 GHz.
Although the hardware requirements present no funda· mental difficulty, the technique does call for certain equip· ment which is not the most common. In particular it is necessa ry to postulate either a stabilized (leveled) source (with r espect to arm 4) or alternatively a direct method of obtaining P3/P4 is desirable. In addition, coaxial sliding shorts have found but limited application in the existing art. Whereas the method provides a substantial improvement in the accuracy potential with "conventional" hardware components, the associated bolometer bridges, etc. must b e of high quality if this potential is to be achieved.
The measurement procedure is simple enough to envIsion its use at the field level; here the component tolerances are usually the poorest, and the greatest projected benefits may be obtained. A series of measurements at NBS has demonstrated that it is now "possible" to propagate a power calibration through a typical calibration hierarchy with an error accumulation of 0.5 percent or less. (Obviously, however, unless this or a comparable technique is used, and appropriate quality control is maintain ed at each level, this potential will not be realized. ) Finally, th e r esults of the experimental evaluation raises some rather serious questi ons relative to current trends in connector development. In particular, in terms of the requirements of this method and these experiments, several "improved" Type N connectors did rather poorly as compared with the "ordinary" T ype N, whil e the GPC-7 was only on a par with it.
The reasons for the "poor" performance of the "improved" Type N is uncertain at this time. It may be associated with the use of stainless steel in its construction . In any case a furth er study of thi s subj ect is desirable.
